Quin2 Microfluorometry and Effects of
I n vascular smooth muscle cells (VSMCs), the Ca 2+ release from intracellular store sites and a resultant increase in cytosolic Ca 2+ seem to play a central role in excitation-contraction coupling, although the related mechanisms are complex and not well understood. 12 Caffeine releases Ca 2+ from the sarcoplasmic reticulum and increases the sensitivity of Ca 2+ -induced Ca 2+ release mechanism to Ca 2+ . Norepinephrine induces not only the influx of Ca 2+ but also the release of intracel-lular Ca 2+ . 12 In addition, we demonstrated that depolarization of the plasma membrane led directly to a release of Ca 2+ from intracellular store sites in VSMCs. 3 " Although Ca 2+ antagonists essentially block the influx of extracellular Ca 2+ into VSMCs, through the Ca 2+ channel in the plasma membrane, 5 some investigators reported that Ca 2+ antagonists may also possess direct intracellular actions. 6 -' 3 However, controversy remains. 114 The effects of Ca 2+ antagonists on intracellular Ca 2+ -releasing mechanisms have not been clarified, 114 probably due to the difficulty in directly measuring cytosolic Ca 2+ transients in VSMCs.
We developed the microfluorometry of cytosolic Ca 2+ -indicator dye quin2 to monitor the Ca 2+ transients in a given small area (<1 nun 2 ) in the cytosol of intact, living VSMCs. 3413 Using this same method, we have now directly determined the effects of two major Ca 2+ antagonists, verapamil and diltiazem, on the three major types of the intracellular Ca 2+ releasing mechanisms in VSMCs: adrenoceptormediated, caffeine-induced, and "depolarization"-induced Ca 2+ releases.
Materials and Methods

Cell Culture
Vascular smooth muscle cells from the aortic media of male Wistar rats were cultured as previously described. 16 Briefly, the aortic media were dispersed into single cells by incubation with 1 mg/ml collagenase (Sigma Chemical, St. Louis, Missouri) and 10 units/ml elastase (Sigma), and seeded on Lux chamber slides (No. 4802) in Dulbecco's modified Eagle's medium (GIBCO, Grand Island, New York) containing 10% heat-inactivated fetal bovine serum (GIBCO) and antibiotics. The growth medium was changed every 2 days. Primary cell cultures were used for all observations to avoid possible alterations in fundamental vascular characteristics of the subcultured cells. 16 " 19 High cell viability (>95%) of the primary cultures was maintained throughout the experiments, as assessed by the Trypan blue exclusion test.
Phase contrast microscopic examinations revealed that the cells in primary culture were exclusively one cell type characterized by the ribbon spindle shape and phase dense cytoplasm containing a filamentous structure parallel to the longitudinal axis of the cells. Direct immunofluorescent staining, using fluorescein isothiocyanate-labeled antibodies against smooth muscle actin and myosin, 16 showed positive staining of stress fibers in cultured VSMCs ( Figures 1A and IB) .
Loading Cells With Quin2
The cultured cells were loaded with quin2, physiologically, in the form of the acetoxymethyl ester (quin2/AM) as described. 3 - 415 On days 5 to 6, just before reaching confluence, the cells on the culture chamber slides were incubated for 60 minutes at 37° C with growth medium containing 50 /xM quin2/AM. Subsequently, the cells were rinsed three times with normal physiological saline solution (PSS) containing 1.0 mM Ca 2+ at 25° C to remove the dye in the extracellular space, and they were then incubated with normal PSS for at least 30 minutes before the optical measurements, as suggested by Poggioli et al. 20 The experiments were carried out at 25° C instead of 37° C to prevent leakage of quin2 from the cells at higher temperature, as described by Berthon et al. 21 The concentration of quin2 in VSMCs and the fluorescence intensity were stable for 60 minutes in normal PSS as evidenced by the following observations: in normal PSS, there was no significant difference in fluorescence intensities of quin2-loaded cells during 60 minutes of incubation, 4 and after 60 minutes of incubation of the quin2-loaded cells with normal PSS, the incubation medium revealed no specific peak of the fluorescence emission spectrum for quin2 (490 nm) or quin2/AM (430 nm), determined using a fluorescence spectrophotometer (model 650-40, Hitachi, Tokyo, Japan). There was no apparent morphological change in the cells with and without quin2 loading throughout all of the experiments as confirmed by phase contrast microscopy at x400. Therefore, loading the VSMCs with quin2 probably does not produce cell acidification damage by formaldehyde released on ester hydrolysis. Intracellular quin2 concentration of quin2-loaded cells was determined using the method of Sumimoto and Kuriyama 23 with minor modifications. Briefly, quin2-loaded cells were trypsinized and dispersed from the culture slide, 16 and then, lysed with 0.1% Triton X-100. The intracellular quin2 concentration was determined by comparing the Ca 2+ -dependent fluorescence of the lysate with that of the standard quin2 solutions. Assuming that the cell volume of cultured VSMCs was 5.5 /il/mg protein, 24 the quin2 concentration of quin2-loaded VSMCs was 2.1 ±0.5 mM (n = 8). It should be noted that extremely rapid cytosolic Ca 2+ transients may be somewhat slowed and/or blunted because of the buffering properties of this loading of quin2. 25 
Microfluorometry of Quin2-Loaded VSMCs
The microfluorometric technique used to measure the fluorescence intensities of the quin2-calcium complex in the cytosol of VSMCs in primary culture was as reported elsewhere. 3415 Briefly, we used a fluorescence microscope (model Standard 18, Zeiss Oberkochen, FRG) equipped with a photon-counting system (Zeiss), a water-immersion objective system (Plan-Neofluor 63, Zeiss), and an appropriate combination of filters (Zeiss and Toshiba Tokyo), in which the cells are excited at 350 nm and analyzed at wavelengths between 470 and 560 nm. Using a 50-^.m pinhole diaphragm (Zeiss) in the light axis, the fluorescence in a small circular area (<1 /AHI 2 ) in the cytosol of VSMCs could be measured. An input-output calculator (model 97S, Hewlett-Packard, Palo Alto, California) was used to read the fluorescence intensities. Fluorescence of the quin2-calcium complex was observed almost exclusively in the cytosol, as reported 3 -415 ; the extracellular space, the nuclei, and myofilaments were not stained with quin2 ( Figure 2 ). This is consistent with an earlier report that quin2 is free to bind Ca 2+ in the cytoplasm and does not bind to macromolecules. 25 In optical measurements, each cell was exposed to the excitation light only once for not longer than 2 seconds to avoid the photobleaching effect on the dye, and a spot (<1 fim 2 ) 3 ^im from the nonfluorescent nucleus was chosen for the measurements to avoid possible fluctuations caused by the uneven thickness of the cells. Since the VSMCs appeared as "hills and valleys" on the culture slide, 16 -18 cells from regions that were one cell thick in the "valleys" were selected for the microfluorometry to avoid possible fluctuations in the light signals produced by a pileup of the cells in the "hills." Relative fluorescence was determined by assuming the fluorescence intensity in the cytosol of the cells exposed to 135 mM extracellular K + to be 100 and that of the unloaded cells to be 0, as described. 3415 The changes in cytosolic Ca 2+ concentrations were expressed in arbitrary units of fluorescence intensity. Using the method of Tsien et al, 25 an estimate of cytosolic Ca 2+ concentrations in relation to fluorescence signal was made. The maximum and minimum fluorescence signals of quin2-loaded VSMCs were obtained by permealizing cells with 10~7 M ionomycin in the presence of excess Ca 2+ (10~3 M) or 10 mM EGTA (approximately 10" 9 M Ca 2+ ), respectively. 26 Using these values, it can be calculated that cytosolic Ca 2+ of VSMCs in normal PSS, Ca 2+ -free PSS for 10 minutes, the peak values induced by norepinephrine (10~5 M) in Ca 2+ -free PSS for 10 minutes, and 135 mM extracellular K + were 105 ± 19 nM, 48 ± 6 nM, 403 ± 129 nM, and 502 ± 146 nM, respectively (/i = 5).
During the measurements, neither contraction nor swelling occurred in the presence or absence of quin2 as determined by phase contrast microscopy at x400. However, these cells were contractile; on day 3, cells of the primary culture with a loose contact with the culture slide contracted when exposed to 10" 5 M norepinephrine in the absence of extracellular Ca 2+ ( Figure 3 ).
Solutions
The millimolar composition of the normal PSS (pH 7.4 at 25° C) was NaCl 135, KC1 5, CaCl 2 
Materials
Quin2/AM was purchased from DOTITE (Kumamoto, Japan). Caffeine hydrochloride and /-norepinephrine hydrochloride were purchased from Sigma. Diltiazem hydrochloride and verapamil hydrochloride were kindly donated by Tanabe Pharmac. Co., Osaka, Japan and Eisai Pharmac. Co., Tokyo, respectively. All other reagents were of the highest grade commercially available.
Data Analysis
All data are presented as mean±SD. Statistical assessment of the data was made by analysis of variance, Cochran-Cox test, and Student's t test. Differences were considered significant at a probability of less than 0.05. IC50 values (the concentration of Ca 2+ antagonist that inhibits intracellular Ca 2+ elevation by 50%) were determined by doseresponse curves fitted according to a fourparameter logistic model. 27 
Results
Effect ofCa 2+ Antagonists on Passive Diffusible Efflux ofCa 2+ From VSMCs
Since about 10 minutes is required for the binding of diltiazem and verapamil to membrane fractions to reach equilibrium, 28 the cells were preincubated with these agents in the normal PSS for 20 minutes, and then subjected to experimental procedures in the presence of these agents.
In normal PSS containing 1.0 mM Ca 2+ and 5 mM K + , neither diltiazem nor verapamil (<10~5 M) induced any significant change in cytosolic Ca free PSS, as determined by the nonlinear least square approximation with a correlation coefficient of at least 0.95, was 3.2 ± 1.32 minutes (mean ± SD, n= 16 experiments). 4 When the cells were in Ca 2+ -free PSS for 5 minutes, the quin2 signal reached a steady state. Neither diltiazem nor verapamil had any effect on these exponential decreases in quin2 fluorescence or on the subsequent steady-state levels observed with depletion of the extracellular Ca 2+ (Figures 5-8 Figure 5A depicts one of the most typical responses of fluorescence change observed when VSMCs were exposed to 10 mM caffeine in Ca 2+ -free PSS containing 2 mM EGTA. In the absence of extracellular Ca 2+ , caffeine induced a transient elevation in cytosolic Ca 2+ with a duration of 2 minutes and peak values at 30 seconds. As shown in Figure  5B , in the range between 0.05 and 5 mM caffeine, there was a dose-dependent elevation of cytosolic Ca 2+ (p<0.05, by analysis of variance). During these measurements, contraction and swelling of the cells were nil, as determined by phase contrast microscopy at x400. As shown in Figures 5C Figures   6A and 6C) . However, the peak levels of these transients were progressively reduced by each application of 10 mM caffeine, and the fifth application produced little or no cellular response to these agents. Neither diltiazem nor verapamil (10" Tim* oi CafWn* appflcatton (Figures 7A  and 7B ). The duration of this response was 4 minutes, which is significantly longer than the value obtained in the case of caffeine-induced Ca 2+ release. During these measurements, contraction and swelling of cells were nil, as determined by phase contrast microscopy at x400. Neither diltiazem nor verapamil (< 10~4 M) had any effect on the transient Ca 2+ elevation induced by 100 mM K + -depolarization in Ca 2+ -free PSS ( Figures 7C and 7D) . To investigate the effect of Ca 2+ antagonists on Ca 2+ release from or uptake into the K + -depolarization-sensitive storage site, we repeatedly exposed VSMCs for 4 minutes at 1-minute intervals to 100 mM K + in Ca 2+ -free PSS containing 2 mM EGTA. Transient increases in cytosolic Ca 
FIGURE 6. Effects of diltiazem (W'M) and verapamil (10~5 M) on cytosolic
Effect ofCa 2+ Antagonists on Cytosolic Ca
2+
Transients Induced by Norepinephrine When the cells were exposed to norepinephrine in Ca 2+ -free PSS containing 2 mM EGTA, in the range between 10" 9 and 10~5 M, there was a transient and dose-dependent (p<0.05 by analysis of variance) elevation of cytosolic Ca 2+ , with a duration of 5 minutes (Figures 9A and 9B) . During the measurements, neither contraction nor swelling of cells was noted, as determined by phase contrast microscopy at x 400.
As shown in Figures 10A and 10C , diltiazem (10~6-10~4 M) inhibited 10" 3 M norepinephrineinduced Ca 2+ release dose-dependently (p<0.05 by analysis of variance) with IC50 of 24.9 ±5.7 jiM (/i = 6 experiments). Figures 10B and 10D show that verapamil (10~7-10~4 M) inhibited this Ca 2+ release, dose-dependently, (p<0.05 by analysis of variance) and more potently (\C X , 4.0 ± 1.0 /AM, n = 6 experiments) than did diltiazem (p<0.05 by Cochran Cox test).
Discussion
Studies on the tension development of vascular tissues induced by various stimuli in the presence of the Ca 2+ antagonists provided corroborative evi- dence for the effects of Ca 2+ antagonists in VSMCs. 81213 There is still controversy concerning the effect of these antagonists on intracellular Ca 2+ sequestration. It was reported that a Ca 2+ antagonist had no effect on the intracellular Ca 2+ -releasing sites in the guinea pig mesenteric artery as activated by caffeine. l4 Walus et al 8 antagonists. The microfluorometry of cultured cells on the chamber slide has the following advantages over cell suspensions in the cuvet: exchange of the incubation medium is complete and readily facilitated 30 ; by measuring the fluorescence intensity of a small circular area (<1 jam 2 ) in the cytosol, the possible interfering effect of nonfluorescent nuclei or intercellular space on fluorometry can be ruled ; mechanical or enzymatic treatments used to disperse the cells are omitted, thereby avoiding possible alteration in receptors and cell damage, which may induce changes in Ca 2+ homeostasis 26 -31 ; since there is tight contact between the cells and the culture slide, cell contraction or swelling is negligible, thereby avoiding a possible light-scattering effect.
34Ô
ur study provided corroborative evidence that in viable arterial VSMCs, Ca 2+ antagonists inhibit the adrenoceptor-mediated Ca 2+ release from cellular store sites (Figure 10 ), whereas these agents have no effect on the release of Ca 2+ from or uptake into either the caffeine-or "depolarization"-sensitive intracellular store sites (Figures 5-8 ), which may be comprised of the sarcoplasmic reticulum.
-
4 Therefore, the Ca 2+ antagonists may interact with norepinephrine-sensitive storage sites, but probably have little effect on caffeine-or depolarization-sensitive storage sites. The mechanism whereby these depolarization-sensitive and Ca 2+ antagonist-insensitive storage sites release Ca 2+ remains unknown. Traveling of depolarization waves from the plasma membrane to sarcoplasmic reticulum through connection by quasiperiodic electron densities, as identified by Somlyo et al, 32 may account for part of the mechanism.
With regard to the source of the Ca 2+ released by norepinephrine, there is no general agreement. It has been suggested that there is a norepinephrine (agonist)-sensitive Ca 2+ store in the sarcoplasmic reticulum near the plasma membrane or at the inner aspect of the plasma membrane. 33 permeability propagated from the junctional to the internal sarcoplasmic reticulum were proposed as possible mechanisms. 36 However, the present study indicates that, in regard to the effect of Ca 2+ antagonist on the uptake and release of Ca 2+ , there may be no overlap between the norepinephrine-sensitive Ca 2+ storage site and the caffeine-sensitive storage site (i.e., sarcoplasmic reticulum). Using quin2-microfluorometry, we found that the norepinephrinesensitive intracellular Ca 2+ store differs from the caffeine-sensitive store, 37 and there is a complete overlap of the caffeine-and K + depolarization-sensitive intracellular Ca 2+ store in VSMCs of the rat aorta in primary culture. 4 The molecular mechanism by which the Ca 2+ antagonist inhibits the release of Ca 2+ from intracellular storage site remains unclear.
681213
The inhibitory effects of Ca 2+ antagonists on adrenoceptor-mediated Ca 2+ release are about 20-fold less potent than those upon K + -depolarizationdependent, namely, voltage-dependent Ca 2+ influx (Figures 4 and 10) . Furthermore, the potency of the former (verapamil>diltiazem) does not parallel that of the latter (diltiazem>verapamil). Thus, it is plausible that Ca 2+ antagonists may inhibit the adrenoceptor-mediated Ca 2+ release through a mechanism that is independent of or is different from that working for the blockade of the voltage-dependent Ca 2+ channel. A consideration in the chemical structures of these agents may provide some insight into underlying mechanisms. Verapamil is uncharged and highly lipophilic, therefore, this compound could be expected to interact with hydrophobic portions of membranes, including the receptors; the structurally dissimilar Ca 2+ antagonist diltiazem is less lipophilic and, therefore, is less likely to interact with such compartments in the membranes. 3839 In addition, the structure of verapamil bears much greater resemblance to that of epinephrine than does that of diltiazem. 40 It has been demonstrated that Ca 2+ antagonists, notably verapamil, inhibit the binding of radiolabeled a-adrenergic compounds to a-adrenoceptors of membrane fractions from a variety of tissues, including myocardium, 3841 - 43 brain, 4445 kidney, 40 and platelets. 39 -40 According to these studies, the potency of Ca 2+ antagonists as competitors to a-adrenoceptors does not parallel their innate potency as blockers of the voltagedependent Ca 2+ channel; verapamil and its derivatives are less potent Ca 2+ channel blockers and are more potent a-blockers than diltiazem. In the present study, diltiazem required about a sixfold dose of verapamil to inhibit the norepinephrine-induced Ca 2+ release from the intracellular store site (Figure 10 ), yet it interacts with the voltage-dependent Ca 2+ channels more potently than does verapamil ( Figure  4) . Thus, it was suggested that inhibition of the norepinephrine-induced intracellular Ca 2+ release by Ca 2+ antagonists may partly result from the inhibition of binding of norepinephrine to the aadrenoceptors in plasma membrane. Fairhurst et 
